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Coherent interaction of a quantum system with environment usually induces quantum decoher-
ence. However, remarkably, in certain configurations the coherent system-environment coupling can
be simultaneously explored to engineer a specific dark state of the environment that eliminates the
decoherence. Here we report on experimental demonstration of such protocol for suppression of
quantum decoherence by quantum decoherence itself. The protocol is based on indirect control of
the environment via quantum measurements on quantum probes interacting with the environment
prior to the system that should be protected. No direct manipulation with the environment is
required to suppress the decoherence. In our proof-of-principle experiment, we demonstrate protec-
tion of a single qubit coupled to another single qubit. We implement the required quantum circuits
with linear optics and single photons, which allows us to maintain very high degree of control and
flexibility in the experiment. Our results clearly confirm the decoherence suppression achieved by
the protocol and pave the way to its application to other physical platforms.
INTRODUCTION
Noise and decoherence represent significant obstacles
in designing large-scale quantum information processing
devices or achieving long-distance quantum communica-
tion. Several ingenious methods have been developed to
overcome these detrimental effects and enable scalable
quantum information processing. The most important
techniques to eliminate noise and decoherence include
quantum error correction [1–6], entanglement distillation
[7–14], quantum repeaters [15–18] or encoding informa-
tion into decoherence-free subspaces [19–21]. The noise
and decoherence are commonly modeled by the coherent
interaction of the system with environment [22] that is
usually assumed to be large and consisting of an infinite
number of elementary constituents (such as quantum har-
monic oscillators or qubits). However, as the technology
advances, the experimentally implemented quantum pro-
cessors develop towards a regime where the decoherence
may be predominantly caused by coupling to a finite and
possibly small number of nearby quantum objects form-
ing an effective local environment, for example in quan-
tum dots [23], superconducting circuits [24], many body
systems [25], or nitrogen-vacancy centers [26–29]. Such
small local environments induce specific decoherence ef-
fects [22, 30–32]. It is thus important to investigate effi-
cient and practically feasible techniques for decoherence
suppression in such setting [33–41].
If the coherent interaction with the effective environ-
ment has a suitable form, then one can attempt to switch
off this interaction by preparing the environment in a
suitable dark state, which decouples it from the sys-
tem qubits that we want to protect. Although the en-
vironment is assumed to be directly inaccessible, it can
be influenced indirectly via measurements on the system
qubits after their interaction with the environment. One
thus utilizes the remote state preparation protocol [42]
that benefits from quantum correlations between the sys-
tem and the environment that were established uniquely
by their interaction responsible for the decoherence. Such
protocol has been recently theoretically proposed in Ref.
[43], where it was illustrated on the proof-of-principle ex-
ample of a single system qubit coupled to an environment
represented by a single quantum harmonic oscillator.
In the present paper, we report on the proof-of-
principle experimental demonstration of this idea for pro-
tection against decoherence. In our test, to keep the pro-
tocol simple, both the system and the environment are
represented by a single qubit. We encode qubits into path
and polarization degrees of freedom of single photons and
implement the required three-qubit quantum logic circuit
with linear optics. We comprehensively characterize the
decoherence suppression protocol by quantum state and
quantum process tomography. Our results clearly ver-
ify the practical utility of decoherence suppression via
indirect environment control, thus opening way for its
application to solid-state platforms of quantum technol-
ogy.
RESULTS AND DISCUSSION
Theory
Let us begin with a theoretical description of the pro-
tocol. We consider a simple yet practically important
and ubiquitous coupling of initially uncorrelated system
(S) and environmental (E) qubits via unitary controlled
phase shift operation,
UCP(ϕ) = exp(iϕ|1〉〈1|S ⊗ |1〉〈1|E), (1)
where |0〉 and |1〉 denote two basis states of a qubit
and ϕ ∈ [0, 2pi) specifies the coupling strength. This
system-environment coupling reduces the coherence be-
tween the two computational basis states of the sys-
tem qubit. Specifically, ρS,01 → qρS,01, where ρS,01 =
〈0|ρS|1〉, q = p0,E + eiϕp1,E, and pj,E = 〈j|ρE|j〉 is the
probability that the environmental qubit is in state |j〉E.
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2FIG. 1. a) Quantum circuit implementing the proof-of-principle test of decoherence suppression protocol. The circuit involves
three qubits: environment (E), probe (P) and signal (S). Qubits E and P are coupled by UCP gate. Projection of the qubit
P onto the state |ϕ⊥〉 heralds successful preparation of the qubit E in the dark state |0〉. The qubit S is then not altered by
interaction with qubit E. b) Experimentally implemented quantum circuit, equivalent to circuit (a). Here qubit S is initially
prepared in a fixed state |1〉 and all three qubits E, P and S are coupled by UCCP operation. An arbitrary pure state |ψ〉 of the
qubit S is then prepared with the use of a single-qubit gate V . c) Reference quantum circuit for observing decoherence effects
of the environment. This circuit is equivalent to the two-qubit gate UCP acting on qubits E and S.
Here ρS and ρE denote initial density matrices of system
and environmental qubit. It holds that |q| < 1 unless
ϕ = 0, p0,E = 1 or p1,E = 1.
The interaction between the system and the environ-
ment can be switched off provided that the environmental
qubit, which is not directly accessible, can be prepared
in state |0〉E. This can be achieved by the following pro-
tocol. Before the system qubit is used for information
encoding, it is prepared in a pure superposition state
|+〉S = 1√2 (|0〉+ |1〉)S, and after interaction with the en-
vironment it is projected onto state
|ϕ⊥〉S = 1√
2
(|0〉 − eiϕ|1〉)
S
. (2)
It is easy to verify that S〈ϕ⊥|UCP(ϕ)|+〉S|1〉E = 0 hence
successful projection of the system qubit onto state |ϕ⊥〉S
heralds preparation of the environment in a dark state
|0〉E.
The success probability of the protocol reads
PS = p0,E|〈ϕ⊥|+〉|2 = p0,E sin2 ϕ
2
. (3)
Therefore, unless the environmental qubit is initially in
a pure state |1〉E, we can always conditionally switch
the decoherence off before the system qubit is used for
some application. Notably, the success probability PS
increases with increasing interaction strength up to max-
imum at ϕ = pi and vanishes in the limit ϕ→ 0. In this
limit, the environment affects the system qubit only very
weakly and thus the output states of the system qubit
corresponding to the environmental states |0〉E and |1〉E
become almost indistinguishable. By contrast, for ϕ = pi
those two states become orthogonal.
If the system qubit is not projected on the desired
state |ϕ⊥〉S but on its orthogonal counterpart |ϕ〉S =
1√
2
(|0〉+ eiϕ|1〉)S, we may attempt to repeat the remote
state preparation procedure until it succeeds. This as-
sumes that the system qubit can be repeatedly refreshed
and prepared in state |+〉S. The success probability
after up to N repetitions of the protocol is given by
PS,N = p0,E
[
1− cos2N (ϕ/2)]. This probability can be
further increased if the environment could thermalize to
its initial state after each unsuccessful attempt. In such
case, the overall probability of success after up to N rep-
etitions reads PS,N = 1 − (1 − PS)N where PS is the
single-shot success probability given by Eq. (3). Asymp-
totically, we can thus reach deterministic preparation of
the dark state |0〉E, unless the environment is initially in
state |1〉E. We note that in contrast to decoherence sup-
pression via weak measurements and quantum measure-
ment reversal [44–46] which relies on an application of
suitable quantum filters to the measured qubit, our goal
here is to perform an indirect projective measurement on
the environmental qubit, not a weak measurement. Also,
the target of our protocol is the environment and not the
decohered system qubit that just serves as a proxy to
indirectly control the environment.
So far we have assumed that the coupling strength ϕ is
known. This allows us to decouple the environment from
the system in a single shot. However, in practice, ϕ may
be unknown or may even fluctuate in time. In such case
one can conservatively choose to project the output state
of the signal qubit onto state |+〉S. Although this gener-
ally does not exactly prepare the environmental qubit in
state |0〉E, it reduces the probability p1,E with respect to
p0,E. If we define the population ratio RE = p1,E/p0,E,
then after a single implementation of the protocol with
projection onto |+〉 we obtain
R′E = RE cos
2 ϕ
2
. (4)
Hence we obtain reduction by a factor of cos2(ϕ/2) which
is smaller than 1 for all 0 < ϕ < 2pi. If the proto-
col can be repeated, then after N successful iterations
we obtain exponentially strong reduction of the unde-
sired state |1〉E by factor
(
cos2 ϕ2
)N
. The qubit S can be
therefore asymptotically perfectly protected even with-
out prior knowledge of the coupling strength ϕ. Note
that this protocol is not limited to the interaction (1).
Analogical procedure can be applied for any unitary cou-
pling exp(iϕσS ⊗AE), where σS is any Pauli matrix and
AE is an Hermitian operator of an arbitrarily complex
environment [33–36, 39, 40].
3FIG. 2. Linear optical setup implementing the quantum circuit of Fig. 1b. This multipath optical interferometer is built
from calcite beam displacers (BD), wave plates (HWP and QWP), and partially polarizing beam splitters (PPBS). Qubits are
encoded into path and polarization of single photon. Each output qubit can be measured in an arbitrary basis with the use of
wave plates, polarizing beam splitters (PBS) and avalanche photodiodes (SPAD). Note that the calcite beam displacers serve
as convertors between path and polarization encoding.
Experiment
In the experiment, we aim to verify that the interac-
tion with the environment was switched off by the above-
described procedure. We, therefore, utilize two different
system qubits, probe P and signal S. The probe serves
for the prior control of the quantum state of the envi-
ronment. Signal qubit is then used to test the success
of the decoherence suppression protocol. The protocol
thus requires two controlled-phase gates UCP, one be-
tween the probe and environmental qubits and the other
acting on the signal and environmental qubits, as de-
picted in Fig. 1a.
To achieve high coherence and controllability, we en-
code qubits into path and polarization of single pho-
tons and implement the quantum gates with linear optics
[47, 48]. In this approach, it is actually more straightfor-
ward to implement a sequence of a three-qubit controlled-
controlled-phase gate
UCCP = exp (iϕ|1〉〈1|P ⊗ |1〉〈1|S ⊗ |1〉〈1|E) , (5)
and a two-qubit controlled-phase gate UCP. With sig-
nal qubit initially prepared in state |1〉S, the UCCP gate
effectively acts as UCP gate for the remaining qubits E
and P. The experimentally implemented circuit depicted
in Fig. 1b is therefore fully equivalent to the circuit in
Fig. 1a. We also utilize the quantum circuit depicted in
Fig. 1c that serves as a reference to directly observe the
effect of unsuppressed decoherence.
Our experimental setup is depicted in Fig. 2. Qubits
are encoded into polarization and path degrees of free-
dom of two single photons generated in the process of
spontaneous parametric down-conversion. Specifically,
the environmental qubit is represented by path of the
signal photon, the signal qubit is encoded into polariza-
tion of the signal photon and the probe qubit is encoded
into polarization of the idler photon. Inherently stable
Mach-Zehnder interferometers formed by calcite beam
displacers are utilized to support path-encoded qubits.
Polarizing beam splitters, wave plates, partially polar-
izing beam splitters, and avalanche photodiodes serve
for qubit state preparation, manipulation, and detection.
With our encoding, the two-qubit controlled-phase gate
UCP can be implemented deterministically by a sequence
of wave plates [62]. The three-qubit gate UCCP that cou-
ples the two photons is realized by a combination of two-
photon and single-photon interference and postselection
on observation of two-photon coincidence counts between
detection blocks P and S [63–69]. The implementation
of the three-qubit CCP gate is thus probabilistic and the
probability adds to the losses in the experimental setup.
When the experimental setup is configured to maximal
transmittance (ϕ = 0), we detect approximately 300 two-
photon coincidences per second at the output of the pho-
tonic circuit. The Methods section contains a detailed
analysis of the gate operation and performance as well as
more details on the experimental setup.
We note that in our proof-of-principle experiment we
have direct access to the environmental qubit, but this ac-
cess is only utilized to prepare a physically well motivated
initial state of the environment. Specifically, we consider
the worst-case scenario and the environmental qubit is
initially prepared in a maximally mixed state. Similarly,
measurement of the output environmental qubit is per-
formed only due to the way we technically implement our
linear optical quantum gate that operates in the coinci-
dence basis [48]. However, we effectively trace over the
environmental qubit by summing the measured coinci-
dence counts over all outcomes of measurements on this
qubit. To maximize the homogeneity of this procedure,
we sum over outcomes of sequential projective measure-
ments in three mutually unbiased bases. The environ-
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FIG. 3. Experimental verification of decoherence suppression. The figure shows the output system qubit purity PS (upper
row) and fidelity FS (middle row), as well as the normalized success probability of the protocol P˜S (bottom row) in dependence
on the system-environment coupling strength ϕ. The results are plotted for six different input states of signal qubit that
form three mutually unbiased bases. Red dots represent experimental data, red dashed lines indicate predictions of theoretical
model. For comparison, black triangles and lines show results for a reference scheme where the system qubit is unprotected
and interacts with the environment. The environment qubit is initialized in a maximally mixed state. The error bars represent
three standard deviations. Note that the plotted success probability P˜S includes the success probability of implementation of
the linear optical CCP gate.
ment is thus effectively discarded and the information
from measurement on the environmental qubit is erased
and not used in the implemented protocol.
Experimental results
We have tested the performance of the protocol for
various interaction strengths ϕ and for six signal qubit
states from the set S = {|0〉, |1〉, |+〉, |−〉, | 	〉 =
1√
2
(|0 + i|1〉), | 〉 = 1√
2
(|0 − i|1〉)} that contains three
mutually unbiased bases. The environmental qubit is
prepared in a maximally mixed state ρE =
1
2I, which
is generated as an equal mixture of the six states from
S, and the probe qubit is initially prepared in pure in-
put state |+〉P. The probe qubit was measured in the
superposition basis 1√
2
(|0〉 ± eiϕ|1〉) and projection onto
|ϕ⊥〉 = 1√2 (|0〉 − eiϕ|1〉) heralded decoupling of the envi-
ronmental qubit. We have performed full quantum state
tomography of the output signal qubits which allowed us
to completely characterize the performance of our proto-
col.
The results are depicted in Fig. 3. The red dots repre-
sent experimental data and the red dashed lines indicate
predictions of an ideal theoretical model of our quantum
circuit, which does not consider any imperfections. For
each of the six signal qubit states we plot the depen-
dence of the output state purity PS = Tr[ρ2S] and fidelity
FS = 〈ψ|ρS|ψ〉 on the phase shift ϕ. We also provide
plot of the relative success probability of our protocol
P˜S(ϕ) = PS(ϕ)/PS(pi). Since the total success probabil-
ity of the protocol PS(ϕ) is influenced by various loss fac-
tors in the optical setup, it is hard to estimate. We there-
fore utilize the relative success probability that can be re-
liably determined from the collected data as a ratio of co-
incidence counts. This approach assumes that our source
produces constant number of photon pairs per second on
average, which was confirmed by independent measure-
ment. Note that besides the bona-fide success probability
of the protocol, P˜S includes also the success probability
of the conditional three-qubit CCP gate which depends
on ϕ, PCCP =
1
9+9| sinϕ| . The error bars were determined
using Monte Carlo (bootstrapping) method, described in
Methods section. For completeness, we have also per-
formed measurements for pure initial state of the envi-
ronmental qubit, |+〉E. The results are provided in the
Supplementary Material and plotted in Fig. S1.
The measured fidelities in Fig. 3 are smaller than 1,
which indicates presence of residual decoherence. Since
in our experiment we have access to the output environ-
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FIG. 4. Mean population p¯1,E after decoherence suppression
(red dots) and without decoherence suppression (black trian-
gles). In both cases, the mean value is calculated over all
six tested states of signal qubit. The error-bars show three
standard deviations.
mental qubit, we have performed its tomographic charac-
terization to check whether we have indeed prepared the
environment in the dark state. From the reconstructed
density matrix we have determined the residual popula-
tion p1,E of state |1〉E at the output of the protocol. The
populations p1,E are averaged over all 6 investigated in-
put signal states and plotted as p¯1,E in Fig. 4 as red dots.
Experimentally obtained p¯1,E are positive, although they
should be ideally zero for every coupling strength. The
residual population of |1〉E causes partial coupling of the
signal and environment qubits which reduces purity and
fidelity of the output signal qubit.
Figure 4 indicates that p1,E increases with decreasing
coupling strength ϕ. This can be easily understood, since
the weaker is the coupling strength, the lower is the suc-
cess probability PS , because we are filtering out most of
the photons. In the limit of weak coupling, the remote
control of environmental qubit thus becomes very sensi-
tive to experimental imperfections, such as partial distin-
guishability of the single photons, finite extinction ratio
of polarizing components, wave-plate retardation and cal-
ibration errors, or interferometric phase instability. The
protocol is thus most efficient in the strong decoherence
regime, when the decoherence suppression is most de-
sirable, while it is not very effective for weak system-
environment coupling, when the decoherence effect is also
weak. The resulting discrepancy between the ideal the-
oretical prediction and the observed experimental values
in Fig. 3 is the consequence of interplay between the cou-
pling strength ϕ and the residual population p1,E caused
by experimental imperfections.
As a reference and benchmark, we have also deter-
mined the change of the signal qubit induced by cou-
pling to the environment when the protocol is not im-
plemented and the probe qubit is not used. A quantum
circuit of this reference measurement is shown in Fig. 1c.
The probe qubit was set to state |1〉 and the signal qubit
was prepared in the state |ψ〉 already at the input of the
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FIG. 5. Parameters characterizing the single-qubit quantum
channel representing decoherence of signal qubit. Entangle-
ment of formation Ef of the output signal qubit with an ex-
ternal qubit for an input maximally entangled Bell state and
fidelity F of the channel with the ideal identity channel are
plotted for the decoherence suppression protocol (red dots)
and for reference measurement with decoherence (black trian-
gles). Respective dashed lines show prediction from the ideal
theoretical model. The error bars represent three standard
deviations.
three-qubit CCP gate. The other gates were set to iden-
tity operations, and the output state of the signal qubit
was again characterized by quantum state tomography.
The experimental results for unsuppressed decoherence
are plotted in Fig. 4 as black triangles together with pre-
dictions from an ideal theoretical model represented by
black dashed lines. It can be clearly seen that coupling
to the environment causes dephasing of the signal qubit
and reduces purity and fidelity of all superposition states.
The relative success probability for this reference mea-
surement is defined as P˜S(ϕ) = PS(ϕ)/PS(0) since the
largest PS is observed for ϕ = 0. While the quantum
logic circuit in Fig. 1c as such does not involve any con-
ditioning, our implementation of the CCP gate does. The
observed explicit dependence of P˜S on ϕ thus essentially
represents the dependence of the relative success proba-
bility of the CCP gate on ϕ.
The decoherence of the signal qubit can be comprehen-
sively described by the formalism of quantum channels.
According to the channel-state duality [49, 50], a single-
qubit channel D can be represented by applying D to
one part of a maximally entangled two-qubit Bell state
|Φ+〉 = (|00〉+ |11〉)/√2, which yields a quantum process
matrix χ isomorphic to D. From the collected tomo-
graphic data, we have reconstructed the process matrix
χ [51] and evaluated its entanglement of formation [52]
Ef and fidelity F with the Bell state |Φ+〉. The fidelity
indicates how close the channel is to the ideal identity
channel, and the entanglement of formation quantifies
how entanglement of the signal qubit with an external
qubit is affected by the decoherence. Figure 5 shows the
comparison between the cases with and without decoher-
ence suppression protocol. Importantly, the decoherence
6suppression technique helps to preserve entanglement in
cases where the entanglement would be otherwise signif-
icantly reduced or even completely lost. Our experiment
thus clearly and unambiguously demonstrates the use-
fulness of the decoherence suppression protocol for pro-
tection of quantum information. Advantageously, this
protocol uses only the natural interaction between the
system and environment to switch off the destructive im-
pact of the environment. In other words, the very same
system-environment interaction that causes the decoher-
ence can turn the environment into dark state, and no
additional control of the environment is needed.
CONCLUSIONS AND OUTLOOK
In summary, we have demonstrated quantum decoher-
ence suppression protocol that is based on indirect en-
gineering of the quantum state of environment through
the decoherence process. A crucial feature of the demon-
strated protocol is that it involves only a measurement
on the system qubit subject to decoherence and no direct
manipulation with the environment or its measurement
is required. The method is applicable whenever a dark
state of the environment can be identified and the quan-
tum correlations between signal and environment estab-
lished by their interaction have suitable structure to allow
indirect manipulation of the environmental state. The
reported protocol thus provides a useful addition to the
toolbox of techniques for fighting noise and decoherence
in emerging quantum processors where noise and errors
may stem from coupling to a small well-defined quantum
system. Beyond the already proposed application of this
protocol to quantum dots [43], the method can also be
useful for decoherence suppression in many other physical
platforms such as trapped ions [53, 54], superconducting
circuits [55–57], or nanomechanical oscillators [58–60].
METHODS
Details of experimental setup
In our experiment, we utilize pair of time-correlated
photons generated in the process of spontaneous para-
metric down-conversion in a nonlinear crystal pumped
by a diode laser. The resulting signal and idler photons
at 810 nm have orthogonal polarization and are spatially
separated by a polarizing beam splitter, coupled into
single-mode fibers, guided into input ports of our main
setup shown in Fig. 2, and there released into free space.
The coherence length of the generated photon pairs is ap-
proximately 100 µm. We can encode two qubits into each
photon, one in polarization and the other in path in an
optical interferometer. The computational basis states
|0〉 and |1〉 correspond to horizontal and vertical linear
polarization states |H〉 and |V 〉 or to the propagation of
a photon in the top or bottom arm of an interferome-
ter (| ↑〉, | ↓〉). Three qubits are directly utilized in our
experiment to test the decoherence suppression protocol,
and the spatial degree of freedom of the idler photon al-
lows us to arbitrarily set the coupling strength ϕ of the
three-qubit CCP gate, as described below.
The two Mach-Zehnder interferometers (MZI) formed
by calcite beam displacers are designed such that they
exhibit different spacing between the two interferometer
arms. Specifically, the distance between the two spa-
tial paths is 4 mm for the signal MZI and 6 mm for the
idler MZI. This ensures that photons traveling in spatial
modes |0〉 do not overlap on the central partially polar-
izing beam splitter (PPBS), see Fig. 6. The closeness of
the two spatial modes provides the inherent phase sta-
bility of the interferometers [61], but brings the experi-
mental inconvenience of placing polarizing elements into
a single interferometer arm. Moreover, due to the short
coherence length, each component in a single MZI arm
has to be compensated by placing another element into
the other arm. We solve those inconveniences with ring-
shaped wave plates, which can easily address a single arm
of the MZI using standard optical mounts. When needed,
self-compensation of such wave plates is achieved by em-
bedding a glass plate in the center of the ring wave plate.
Controlled-controlled-phase gate
Here we describe the experimental implementation of
UCCP which is a crucial part of the experiment. The
quantum circuit diagram in Fig. 6 depicts how we con-
structed the three-qubit UCCP gate with an arbitrar-
ily tunable phase shift ϕ from a fixed four-qubit gate
and several fixed and tunable two-qubit and single-qubit
gates, and how we implemented it using linear optics.
The auxiliary qubit A utilized in our circuit [66] is the
path qubit of the idler photon. The two-qubit CNOT
gates are effectively implemented by the calcite beam
displacers that couple polarization and path degrees of
freedom. Single-qubit rotations Rk(ξ) = exp(i
ξ
2σk) as
well as two-qubit controlled rotations CRk are mostly im-
plemented with the help of wave plates addressing either
both or only a single arm of the Mach-Zehnder inter-
ferometer. Here σk, k = x, y, z, denote Pauli matrices.
An exception is the single-qubit phase shift operation
Rz(ϕ/2) that is achieved by tilting of the second calcite
beam displacer. A particular conditional phase shift ϕ of
the UCCP gate is achieved by properly choosing the pa-
rameters x, y, and z specifying the wave-plate rotations.
The choice that maximizes the overall success probability
of the gate is given by
| tanx| =
√
cot (|ϕ|/2), y = x,
and
cos z =
√
cos4 x+ sin4 x.
7FIG. 6. Circuit diagram of the controlled-controlled-phase gate and its respective linear-optical implementation. Empty circles
in controlled-operation symbols denote that the operations are applied on target qubit when the control qubit is in state |0〉
(| ↓〉). Half-wave plates in right-most block are depicted for simplicity. In the actual experiment, they are omitted and its
function is taken into account by appropriate setting of angles y, z, and angles of wave plates in the analysis of the probe qubit.
The four-qubit C3Z gate introduces a pi-phase shift if and
only if all four qubits are in logical state |1〉. This gate
[70] is implemented with the help of a two-photon inter-
ference which occurs at a partially polarizing beam split-
ter PPBS that is completely transmitting for horizon-
tally polarized photons while it exhibits transmittance
1/3 for vertically polarized photons [63–65]. Two addi-
tional PPBSs are employed to balance the amplitudes.
This probabilistic gate operates in the coincidence basis
and its theoretical success probability is 1/9. The aux-
iliary path qubit is finally removed by keeping only the
central output from the second beam displacer. This fil-
tration further reduces the success probability of the gate
by a factor 11+| sinϕ| .
Quantum state and quantum process tomography
In our experiment, the output signal and environmen-
tal qubits were comprehensively characterized by quan-
tum state tomography. We have sequentially projected
these two output qubits on the 36 combinations of prod-
uct states |ψj〉S |ψk〉E , where |ψj〉, |ψk〉 ∈ S. This cor-
responds to measurements in 9 product two-qubit bases
formed by all combinations of three mutually unbiased
single-qubit bases {|0〉, |1〉}, {|+〉, |−〉}, {| 〉, | 	〉}. To
avoid problems with absolute calibration of the single-
photon detector efficiencies, we do not perform all mea-
surements for a given two-qubit basis simultaneously but
instead record the number of detection events for each
projection sequentially with the same pair of detectors
for duration of one second. The single-qubit tomograms
were obtained by summing the detection events over all
measurements on the other qubit, and the density matri-
ces of the output signal and environmental qubits were
reconstructed from the collected data using the maxi-
mum likelihood estimation method [51].
Similarly, we use quantum process tomography to char-
acterize the implemented three-qubit CCP gate and the
effective decoherence operation D acting on the signal
qubit. To reconstruct the operation D, we used the sig-
FIG. 7. Black dots show the experimentally determined
purity PCCP (a) and fidelity FCCP (b) of the implemented
controlled-controlled-phase gate. Red triangles show the max-
imal fidelity that we would obtain after optimal local unitary
phase shifts of the output qubits. Error bars show three stan-
dard deviations and are smaller than the size of the symbols.
nal qubit quantum state tomography data for all six in-
put signal states from set S, which represents 36 com-
binations of input single-qubit state preparations and
output single-qubit state projections. The complete to-
mographic characterization of the CCP gate was based
on 63 × 63 = 66 combinations of three-qubit product
input state preparations and output state projections,
with inputs given by all products of states from S,
|ψj〉P |ψk〉S |ψl〉E , and similarly for output projections.
We optimized the order of input preparations and out-
put projections, or wave plate settings, using a traveling
salesman problem solver to minimize the required time
for wave plates reconfiguration [71].
We represent an n-qubit quantum operation E by its
quantum process matrix χ defined as χ = I ⊗ E(Φn),
where I denotes the n-qubit identity channel and Φn =
8|Φn〉〈Φn| is a maximally entangled state of 2n qubits,
|Φn〉 = 1√
2n
1∑
i1,...,in=0
|i1, . . . , in〉 ⊗ |i1, . . . , in〉.
The process matrices χ of D and of the CCP gate were re-
constructed from the experimental data by iterative max-
imum likelihood estimation algorithm [51]. We evaluate
the quality of the implemented CCP gate by gate fidelity
FCCP, defined as normalized overlap of the the experi-
mental quantum process matrix χ with the ideal process
matrix of the CCP gate χCCP = |χCCP〉〈χCCP|,
FCCP =
Tr[χχCCP]
Tr[χ]Tr[χCCP]
. (6)
Here |χCCP〉 = 1√8
[|Φ3〉+ (eiϕ − 1)|111〉|111〉]. Besides
gate fidelity, we also look at the purity of the imple-
mented operation
PCCP = Tr[χ
2]
Tr[χ]2
. (7)
If PCCP = 1, then the implemented operation is either
unitary, or more generally a purity preserving quantum
filter (a completely positive map with a single Kraus op-
erator). On the other hand, P < 1 indicates a noisy
operation.
We have performed full quantum process tomography
of the CCP gate for eight different coupling strengths ϕ
and the resulting gate fidelity and purity are plotted in
Fig. 7. Additionally, we provide a full plot of the recon-
structed process matrix for ϕ = pi/2 in Supplementary
Material, Fig. S2. The results indicate good and stable
performance of the gate for the whole range of coupling
strengths ϕ, enabling us to demonstrate the studied effect
of decoherence suppression. To estimate the uncertainty
of the tomographically obtained quantities, we employed
the Monte Carlo method. We used count rates in ex-
perimentally obtained tomograms as a mean value of a
Poisson distribution. For each projection we have drawn
1000 random values to produce 1000 tomograms and re-
constructed each of them. From the set of the generated
results we have then evaluated the standard deviation.
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